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Synapse elimination is an important process underly-
ing the establishment of functional neuronal net-
works during development. Here, we tested the
idea that neurons select among potential synaptic
partners already during initial contact formation
between dendritic filopodia and axons—well before
mature synapses are established. We show that filo-
podia frequently make contact with axons, and while
some contacts are selectively stabilized, many are
short-lived. More specifically, we demonstrate that
contacts with a certain population of GABAergic
axons never get stabilized, indicating that filopodia
already early on select between different types of
axons. Local dendritic calcium transients that are
independent of glutamate occur within seconds after
contact formation, and their frequency is high where
contacts become stabilized and low at short-lived
contacts. Thus, filopodia are capable of choosing
between potential synaptic partners well before a
mature synapse is established.
INTRODUCTION
During the development of the brain, neurons establish specific
connections by selecting among a large number of potential
synaptic partners. It is commonly believed that this selection
takes place in successive steps. First, axons navigate to their
respective target areas, steered by chemical guidance cues.
Subsequently, synapses are formed between these axons and
the receiving neurons in the target areas. And finally, the resulting
network is fine-tuned, not only by adding large numbers of syn-
apses with the appropriate synaptic partners but importantly
also by eliminating inappropriate connections. Synapse elimina-
tion has been described most extensively at the neuromuscular
junction (for review see Sanes and Lichtman, 1999), but it has
been demonstrated in central synapses as well (e.g., Chen and
Regehr, 2000; Hashimoto and Kano, 2005).
Here, we tested the idea that, in addition to traditional synapse
elimination, which is thought to be activity dependent (Lichtman
and Colman, 2000; Sanes and Lichtman, 1999), developing
neuronsmay continuously screen and select potential presynap-
tic partners during early synapse formation, at the time whendendritic filopodia first contact axons—long before a functional
synapse has been established.
Filopodia are present at high numbers during the development
of synaptic connections, they are extremely motile, i.e., they
grow and retract within time scales of minutes and seconds,
and their motility is regulated by synaptic activity (Dunaevsky
and Mason, 2003; Wong and Wong, 2000). Furthermore, filopo-
dia initiate contacts with potential synaptic partners (Jontes and
Smith, 2000; Yuste and Bonhoeffer, 2004), and many of them
bear synapses (Fiala et al., 1998). This evidence makes a good
case for a role of dendritic filopodia in locating potential synaptic
partners and establishing contact with them (Dunaevsky and
Mason, 2003; Harris, 1999; Jontes and Smith, 2000; Yuste and
Bonhoeffer, 2004). We now investigated whether filopodia, in
addition to helping find axons, may also play a role in selecting
among them.
If filopodia were able to differentiate ‘‘appropriate’’ from ‘‘inap-
propriate’’ axons early on before functional synapses are
formed, one would expect to see (1) that initial contacts are
sometimes stabilized, but frequently eliminated soon after their
formation and that the prevalence of stabilization or elimination
should depend on the type of axon (e.g., excitatory or inhibitory),
(2) that some form of signaling occurs in the dendrite within
a short period of time after the formation of a contact, and (3)
that this signaling mirrors the fate of a given contact. We tested
these predictions by imaging the formation of contacts between
individual dendritic filopodia and different types of axons simul-
taneously with the ongoing calcium signaling in the postsynaptic
dendrite.
RESULTS
We investigated structural and functional interactions between
dendrites and axons in organotypic hippocampal slices from
mice and rats during the first postnatal week when synapses
form at a high rate (Fiala et al., 1998). Figure 1A shows the combi-
nation of labeling techniques for imaging pre- and postsynaptic
structures as well as dendritic calcium dynamics simultaneously.
First, a large number of axons present in the CA3 region (mossy
fibers, CA3 pyramidal cell collaterals, and probably interneuron
axons) were labeled by applying the AM ester form of Oregon
Green to the region of stratum radiatum where it borders onto
the hilus (‘‘bolus loading’’; Figures 1A and 1B; Stosiek et al.,
2003). Second, single postsynaptic CA3 pyramidal neurons
were filled with the calcium indicator Oregon Green BAPTA-1
(OGB1) and Alexa 594 by single-cell electroporation (Figures 1ANeuron 59, 253–260, July 31, 2008 ª2008 Elsevier Inc. 253
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chen, 2007). This enabled us to make high-resolution confocal
time-lapse recordings of morphological and functional changes
in stratum radiatum at the same time. Imaging experiments
were performed in a stereotyped fashion, where z stack acquisi-
tion alternated with time-lapse recordings as explained in Fig-
ure 1C. The typical cycle time was 8–9 min (4:20 min for time-
lapse recording, followed by 2 min for storing images, 1:30
min for z stack acquisition, followed by 1 min for storing a z
stack). Time-lapse recordingsallowed the faithful followingof filo-
podial motility and the precise determination of the time points of
contact formation or break up (Figures 1D and 1E). Z stacks were
used to identify filopodium-axon contacts with maximal spatial
resolution. The total duration of an experiment was up to 90 min.
We frequently observed filopodia emerging from dendritic
shafts. While some filopodia did not reach labeled axons
Figure 1. Imaging Interactions between Dendritic Filopodia and
Axons
(A) Labeling approach. First, presynaptic axons were labeled by bolus loading
of OGB1 AM; then, the postsynaptic CA3 pyramidal cell was filled with OGB1
and Alexa 594 by single-cell electroporation.
(B) Apical dendrite of a CA3 pyramidal neuron (P2, DIV2) and labeled presyn-
aptic axons.
(C) Imaging strategy. One experiment consists of an alternating series of high-
resolution z stacks and time-lapse recordings. Here, no filopodium was pres-
ent at the beginning, but later a new filopodium (Fil) formed contacts with two
axons (A1, A2; D, dendritic shaft). This filopodium emerged during the time-
lapse recording.
(D) Time section through the time-lapse stack shown in (C) at the planemarked
by the white dotted line.
(E) Growth curve inferred from the time section representation in (D). The timing
of contact formation can be determined precisely.254 Neuron 59, 253–260, July 31, 2008 ª2008 Elsevier Inc.(n = 24, Figure 2A), many filopodia touched labeled axons (n = 60).
In the majority of cases, filopodia made contacts at their terminal
points (n = 47/60; Figure 2B). In some instances, growth contin-
ued after the initial contact, thereby producing ‘‘en passant’’
contacts (n = 4/60; Figure 2C). While most filopodium-axon con-
tacts remained at a fixed position along the axon (n = 51/60), we
also observed that filopodia grew and retracted several times
while their tips slid along the axon (n = 9/60; Figure 2D). This be-
havior was suggestive of filopodia searching for appropriate
positions along axons to fasten contacts (Sabo et al., 2006).
We also observed stable filopodium-axon contacts that were
present from the beginning of the recordings and remained un-
changed throughout the entire recording or experiment (3.1 ±
0.5 per 100 mm dendrite, n = 6 cells).
Next, we quantified the lifetimes of newly established filopo-
dium-axon contacts (Figure 3A). Many contacts were unstable,
i.e., they were eliminated during the same recording during
which they were established (n = 15/39). Themedian contact life-
time was just above 1 min (73 s). However, a number of contacts
became stabilized, some of them until the end of the experiment
(dark data points in Figure 3A). The distribution of contact life-
times indicates that the turnover of contacts is very high at the
ages when synapse development is maximal.
The different contact lifetimes suggested that filopodia may
select between potential synaptic partners—contacts with the
‘‘correct’’ partners get stabilized and are long-lived, whereas
contacts with the ‘‘wrong’’ partners are dismantled again imme-
diately. For example, filopodia might favor contacts with excit-
atory axons over inhibitory axons or vice versa. To investigate
this possibility, we measured the interactions between filopodia
and axons of inhibitory cells. We used slices from GAD65-GFP
mice that express GFP in50% of the interneurons in the cortex
and hippocampus (Figure 3B; Lopez-Bendito et al., 2004). In this
preparation, we found that none of the filopodium-axon contacts
were stable. Inhibitory axons were still in contact with dendrites
of pyramidal neurons; however, these contacts were exclusively
on shafts (4.5 ± 0.6 per 100 mm dendrite, n = 5). While filopodia
frequently established contacts with GABAergic axons, these
contacts never became stabilized (12 filopodia from 9 cells;
Figure 3B). As a consequence, the contact lifetimes were signif-
icantly shorter for GABAergic axons than for the mixed popula-
tion of axons labeled by bolus loading (Figure 3D). To exclude
the possibility that differences in the distribution of contact life-
times may be caused by species (mouse or rat) or label (GFP
or OGB1) variations, we performed another set of experiments
with mice expressing synaptophysin-GFP in axons (12 filopodia
from 5 cells; Figure 3C). The distribution of lifetimes of contacts
between filopodia and synaptophysin-GFP expressing axons
was indistinguishable from that with axons labeled by bolus
loading. In contrast, both groups were significantly different
from the lifetime distribution of contacts with GABAergic axons
(Figure 3D). Together, these observations demonstrate that den-
dritic filopodia of CA3 pyramidal neurons select among potential
synaptic partners: they form contacts with different types of
axons; however, whether a given contact can be stabilized de-
pends on the nature of the axon. Because the lifetime distribu-
tions of contacts with those axons that were bolus loaded and
those that were labeled with synaptophysin-GFP was identical,
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Calcium Signaling in Synaptic Partner SelectionFigure 2. Various Forms of Structural Interactions between Dendritic Filopodia and Axons
(A) No contact. A filopodium grew toward an axon but failed to reach it and eventually retracted.
(B) Short-lived contact.
(C) Stable contact. A filopodium contacted an axon and established an en passant contact that lasted until the end of the recording.
(D) A filopodium was growing and retracting at high speed while its tip slid along the axon.we combined the data of both groups for the following experi-
ments.
How are contact stabilization and elimination regulated? We
had reported previously that local dendritic calcium transients
correlate with and regulate the outgrowth of filopodia (Lohmannet al., 2005). At that time, we had speculated that they could also
serve to stabilize filopodium-axon contacts (Lohmann et al.,
2005), but this had to remain a hypothesis, as we had no image
of the presynaptic axon and therefore did not know whether
or when a contact was made or lost. Our new experimentalFigure 3. Selective Stabilization of Filopodium-Axon
Contacts
(A) Distribution of durations of contacts between filopodia and
axons unspecifically labeled by bolus loading. The gray
shades indicate whether a contact appeared and disappeared
within one time-lapse recording, whether it disappeared after
that recording, or whether it was still present at the end of an
experiment.
(B) Distribution of lifetimes of contacts between filopodia and
bona fide GABAergic axons. All contacts between filopodia
and GABAergic axons were short-lived. The insets show an
electroporated CA3 pyramidal cell and several processes of
GFP expressing interneurons in a slice from a GAD65-GFP
mouse at low and higher magnification.
(C) Distribution of durations of contacts between filopodia and
axons labeled with synaptophysin-GFP. The distribution of
lifetimes is similar to that for bolus-loaded axons (A); while
the majority of contacts were short-lived, some became stabi-
lized.
(D) The durations of contacts with GABAergic axons (n = 12)
were significantly shorter than those with axons labeled by
bolus loading (n = 39) or synaptophysin GFP (n = 12; *p <
0.05; MWU). In contrast, the lifetimes of contacts between
filopodia and bolus-loaded or synaptophysin-GFP expressing
axons were not significantly different (n.s.).Neuron 59, 253–260, July 31, 2008 ª2008 Elsevier Inc. 255
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Calcium Signaling in Synaptic Partner SelectionFigure 4. Local Calcium Signaling Commences after Contact Formation
(A) A filopodium extended and eventually contacted an axon (left and center panel, orange trace). After contact formation, local calcium transients occurred
(orange asterisks; right panel: pseudocolor encodes DF/F0, red = 70%).
(B) The frequency of local calcium transients rose immediately after contact formation (binning: 100 frames = 25 s; n = 21 contacts).
(C) Local calcium activity increased significantly after contact formation (n = 21; **p < 0.01; Wilcoxon test).
(D) The frequency of local calcium transients was lower in dendrites with filopodia that did not make contact with an axon than at sites where filopodia established
a contact (n = 10; *p < 0.05; MWU).
Error bars show SEM.paradigm provides this information and shows that local calcium
transients occur frequently once a contact is formed, usually
within 10–40 s (Figures 4a–4c). In addition, these experiments
show that the calcium activity is significantly higher in dendrites
with filopodia that have successfully made contact than in those
where growing filopodia have failed to make a contact (Fig-
ure 4D). We conclude that axon-dendrite signaling commences
as early as within the first minute after contact formation. It is
most likely that calcium transients are generated at the tip of a
filopodium—at the contact site with the axon—and are transmit-
ted to the dendritic shaft. In the present experiments, we were
not able to record calcium changes within single filopodia, be-
cause of the requirement of long-term imaging and their small
volume, but from our recent short-term imaging experiments,
where stronger excitation could be used, we know that filopodia
in fact do generate calcium transients at their tips and transmit
them to the dendritic shaft (Lohmann et al., 2005).
Furthermore, we found that the increase in calcium activity
was more pronounced at stable than at short-lived contacts
(Figure 5A). When the frequency of local calcium transients at
each contact site was compared with the mean frequency at
its two neighboring sites (7–10 mm distal and proximal from the
contact site along the dendritic shaft), we found that calcium
activity at stable contacts, but not at short-lived contacts,
exceeded that at neighboring sites significantly (Figure 5B).
Consequently, the contact to neighbor site activity ratio was256 Neuron 59, 253–260, July 31, 2008 ª2008 Elsevier Inc.significantly higher at stable contacts than at sites of short-lived
contacts (Figure 5C). This difference was only significant for local
calcium transients: the frequency of global calcium transients
was unrelated to contact stability (Figure 5D). Therefore, it is
unlikely that factors like relative developmental stage, health sta-
tus, etc., determined whether a contact was to be eliminated or
stabilized.
We did not observe a significant increase in local calcium
activity when filopodia initiated contacts with GABAergic axons
(Figure 5E). Furthermore, activity at the site of contact between
a filopodium and a GABAergic axon did not exceed the activity
at their neighboring sites significantly (Figure 5F). Since contacts
with GABAergic axons were never stabilized, these findings
are further support for the hypothesis that calcium signaling
regulates contact stability.
Since some contacts between filopodia and excitatory axons,
but nonewith inhibitory axons, led to increased calcium signaling
and subsequent contact stabilization, we investigated whether
some form of glutamatergic transmission might be at the basis
of calcium signaling and contact stabilization. We imaged con-
tact formation and calcium signaling in the presence of antago-
nists of NMDA and non-NMDA type glutamate receptors APV
(50 mM) and NBQX (10 mM), respectively. Under these experi-
mental conditions, the distribution of contact lifetimes was not
different from controls, and contact stabilization also occurred
in the absence of glutamate signaling (Figure S1A available
Neuron
Calcium Signaling in Synaptic Partner SelectionFigure 5. Local Calcium Activity Correlates with Increased Contact Stability
(A) Strong increase in activity after the formation of stable contacts (lasting at least until the end of the recording; n = 14; *p < 0.05; Wilcoxon) but not short-lived
contacts (n = 7; n.s.).
(B) Activity levels at stable (n = 14; **p < 0.01;Wilcoxon) but not at short-lived contacts (n = 7; n.s.; Wilcoxon) exceeded the activity at respective neighboring sites.
(C) Relative activity levels (compared to neighboring sites) were higher at stable contacts than at short-lived contacts (n = 6, 13; *p < 0.05; MWU).
(D) The frequency of global transients was indistinguishable for short-lived and stable contacts (n = 7/14; n.s.; MWU).
(E) There was no significant increase in the frequency of local transients after the formation of contacts with GABAergic axons (n = 7 n.s.; Wilcoxon).
(F) The frequency of local calcium transients during the presence of contacts with GABAergic axons was not significantly different from the activity at neighboring
sites (n = 7; n.s.; Wilcoxon).
Error bars show SEM.online). Furthermore, even in the presence of glutamate receptor
antagonists, calcium signals were observed at sites where con-
tacts later became stabilized. At sites of short-lived contacts,
there was no comparable calcium activity (Figure S1B). These
data show that glutamate is neither required for contact-induced
calcium signaling nor for stabilization of contacts. However, they
do not formally exclude that glutamate may modulate these
processes.
Finally, we addressed the question whether stabilization of
contacts had functional consequences in the developing den-
drite. We investigated whether local dendritic calcium activity
was increased after a contact had been eliminated or stabilized
(12–72 min after the initial formation of that contact). After
contact stabilization—but not after a contact had been elimi-
nated—we observed significantly elevated activity levels at the
site of contact formation (Figure 6). Interestingly, we observed
that—putatively synaptic—calcium transients that occurred
after the full stabilization of contacts differed from those that
occurred during initial contact formation. Specifically, the dura-
tion of single calcium transients after contact stabilization was
0.70 ± 0.09 s (n = 16), which is significantly longer lasting than
the duration of transients that occurred within the first 3 min
of contact formation (0.48 ± 0.10 s; n = 14; p < 0.05, MWU).This difference in early calcium dynamics, together with the in-
sensitivity to glutamate receptor antagonists, shows that early
calcium signals are distinct from synaptically evoked calcium
transients.
DISCUSSION
Our study addresses the question how dendritic filopodia inter-
act with axons and whether they are instrumental in selecting
among putative synaptic partners. We observed structural and
functional interactions between axons and dendrites which
seem to underlie the selection of potential synaptic partners
well before a functional synapse is being formed. This selection
appears to be governed by forms of nonsynaptic signaling that
occur within seconds or minutes of initial contact formation.
In agreement with previous publications, our time-lapse ex-
periments demonstrated that filopodia often contact potential
synaptic partners (Jontes et al., 2000; Lohmann et al., 2002;
Ziv and Smith, 1996). This underlines the importance of filopodia
in locating potential synaptic partners and establishing contact
with them. Our present results extend the previous findings by
showing that the contact durations between filopodia and axons
differ dramatically: some contacts are very short-lived (secondsNeuron 59, 253–260, July 31, 2008 ª2008 Elsevier Inc. 257
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tained for an hour and quite likely much longer. This observation
strongly suggests that some form of target recognition and
selection occurs very early during synapse formation. Indeed,
our experiments demonstrate that dendritic filopodia of CA3
pyramidal neurons in stratum radiatum favor excitatory axons
(themajor population of those labeled by bolus loading or synap-
tophysin-GFP expression) over inhibitory axons (labeled in the
GAD65-GFP mice). We conclude that dendritic filopodia have
the capacity to differentiate between different types of axons
within seconds of physical interaction and that they select
among them for the establishment of stable contacts. We expect
that other factors besides the excitatory or inhibitory nature of
axons may also contribute to the selection process, for example
activity levels in single axons.
Imaging calcium transients in dendrites during contact forma-
tion revealed a surprisingly early onset of axon-dendrite signaling
(<1 min). In contrast, the establishment of a functional synapse
has been shown to be protracted over at least 30–120 min, in
some cases even days (Friedman et al., 2000; Knott et al.,
2006; Na¨gerl et al., 2007). Therefore, it seems likely that the cal-
cium transients we observed upon contact formation result
from nonsynaptic signaling. We showed that indeed both con-
tact-induced calcium signaling and subsequent contact stabili-
zation are independent of the activation of glutamate receptors.
This observation demonstrates that contact-induced calcium
signaling does not reflect some early onset of synaptic activity
but rather represents a different form of signaling during the
first minutes of contact establishment. Since we observed an in-
crease in calcium signaling only after contact formation, but not
before, cell adhesion molecules rather than diffusible factors
are likely candidates to mediate contact-induced calcium tran-
sients. For example, integrins that are present in the hippocam-
pus during development (Einheber et al., 1996; Huang et al.,
2006) mediate both interactions with the extracellular matrix
Figure 6. Sites of Contact Stabilization Display a Long-Term In-
crease in the Frequency of Local Calcium Transients Measured dur-
ing a Period of 12–72 Min after the Establishment of a Contact
(A) At sites where contacts had been formed but were eliminated shortly after
their formation, no significant increase was observed compared to the activity
levels before a contact was formed (n = 5; n.s.; Wilcoxon).
(B) At sites where stable contacts had been formed, the local calcium activity
was persistently elevated (n = 5; *p < 0.05; Wilcoxon).
Error bars show SEM.258 Neuron 59, 253–260, July 31, 2008 ª2008 Elsevier Inc.and cell adhesion (Hynes, 2002) and trigger calcium signaling
(Coppolino et al., 1997). Furthermore, integrins are involved in
the structural plasticity of axonal and dendritic filopodia (Gomez
et al., 2001; Shi and Ethell, 2006). Also, various other adhesion
molecules of the IgG superfamily, such as NCAM or L1, have
been implicated inmodulating calcium signaling in neurons, pos-
sibly via activation of the FGF receptor and opening of L-type
calcium channels (Doherty et al., 2000; Dunican and Doherty,
2000; Kiryushko et al., 2006). It will be important to dissect the
possible contributions of these diverse factors in contact-medi-
ated calcium signaling and their role in target selection during
synaptogenesis.
Finally, we observed that the frequency of local dendritic
calcium transients is high at stable but not at short-lived con-
tacts. Furthermore, dendritic calcium activity is low at sites of
contacts with GABAergic axons, which never become stabilized.
These new findings, together with our previous experiments
demonstrating that calcium transients cause the stabilization of
filopodia (Lohmann et al., 2005), indicate that calcium signaling
can regulate the stability of synaptogenic contacts and may
thereby determine the connectivity patterns of emerging neuro-
nal networks.
In summary, our findings implicate early filopodia-axon con-
tacts as a substrate and local calcium signaling as a mechanism
for selecting among potential synaptic partners well before
functional synapses have been established. Since accumulating
synaptic components at a synapse is a process of hours and
requires the concerted assembly of many components, the
mechanism described here may represent an economic way of
prescreening and selecting among potential synaptic connec-
tions. Whether this selection is based on molecular identifiers
alone or may also be modulated by patterns of neuronal activity
will be an important question for future studies.
EXPERIMENTAL PROCEDURES
Cultures
Cultures from newborn rats or mice (postnatal days [P] 0–2) were prepared
according to the method of Stoppini et al. (1991). The animals were decapitated
quickly and brains placed in ice-cold Gey’s balanced salt solution (Life Tech-
nologies) under sterile conditions. Coronal slices (400 mm) were cut using a
tissue chopper (McIlwain) and incubated with serum-containing medium on
Millicell culture inserts (CM, Millipore). For some experiments, GAD65-GFP
mice (Lopez-Bendito et al., 2004) or Thy1-synaptophysin-GFP (De Paola
et al., 2003) mice were used.
Labeling
Experiments were performed after 2 days of incubation. First, axons were
labeled by bolus loading of the AM ester form of OGB1 (Stosiek et al., 2003).
One vial of OGB1AM (50 mg; Invitrogen) was dissolved in 5 ml DMSOcontaining
10% pluronic acid (Invitrogen). Fifty microliters of culture mediumwere added,
yielding a final concentration of 0.7 mM. A patch pipette was filled with the
OGB1 AM solution, and its tip was placed into the region where the hilus
borders the stratum radiatum of CA3 under visual control through a stereo mi-
croscope (Figure 1A). Three puffs of 40 ms duration were applied with minimal
pressure (5 PSI) by a picospritzer. Subsequently, slices were returned to the
incubator for 1 hr and then transferred into the chamber of a fluorescence mi-
croscope. Our imaging experiments provide evidence that a large majority of
axons in the CA3 region was labeled by this procedure: we observe a much
higher frequency of local calcium transients in filopodia that contact labeled
axons than in those that grow but fail to touch a labeled axon (Figure 3D). If
Neuron
Calcium Signaling in Synaptic Partner Selectionthose filopodia that fail to contact a labeled axon were instead touching unla-
beled axons, the frequency of local calcium transients should be high also in
these filopodia. Since this is not the case, we conclude that growing filopodia
only rarely contact unlabeled axons.
Postsynaptic pyramidal neuronswere filledwith OGB1 and Alexa 594 by sin-
gle-cell electroporation (Figure 1A; Haas et al., 2001; Lang et al., 2006; Nevian
and Helmchen, 2007). A patch pipette was filled with an aqueous solution of
OGB1 (1 mM) and Alexa 594 (0.5 mM, both Invitrogen). The pipette was placed
close to the soma of a CA3 pyramidal neuron. Electroporation was performed
by applying one to three square voltage pulses (10 V, 20 ms duration, negative
polarity).
Imaging
After labeling, slices were immediately transferred to a recording chamber that
was perfused with modified Hanks’ balanced salt solution (Invitrogen), plus
2 mM CaCl2 and 4.2 mM NaHCO3 and temperature controlled at 35
C.
Recordings were performed using a Leica SP2 confocal microscope with
a 633/0.9 APO cone dipping objective. Images were acquired at 3.9 Hz during
time-lapse experiments (pixel size 0.12 3 0.12 mm2). For time-lapse experi-
ments, the pinhole was opened slightly beyond the airy disk size. In addition,
the beam expansion was set to an intermediate level. Together, these settings
allowed for more efficient light collection (and, as a consequence, a higher
signal to noise ratio at identical laser power) and imaging of slightly out of focus
structures at the expense of a somewhat reduced resolution in the z dimen-
sion. Alternating with time series, we collected maximal resolution z stacks
(pinhole size equal to one airy disk, maximal beam expansion, voxel size,
xyz: 0.12 3 0.12 3 0.37 mm3). To speed up acquisition, we acquired both
wavelengths simultaneously; the emission ranges of the two dyes were suffi-
ciently different to separate them. Time-lapse recordings allowed following
filopodial motility faithfully and determining precisely the time points of contact
formation or break up (Figures 1D and 1E). Z stacks were used to identify
filopodium-axon contacts with maximal spatial resolution.
Image Analysis
For the characterization of calcium transients, fluorescence changes were cal-
culated as averages of all pixels within regions of interest (ROIs) for each frame
of a recording using the software ImageJ (NIH). ROIs were selected as areas
spanning 7–10 mm of a dendrite or throughout the entire length of an imaged
dendrite (80–130 mm) for detecting local or global transients, respectively.
Changes in fluorescence in each ROI were calculated as (F  F0)/F0, where
F0 was baseline fluorescence (mean fluorescence during a 10 s period without
apparent calcium activity at the beginning of a recording). Global calcium
transients were detected automatically as those fluorescence increases over
two frames within the entire dendrite, which were larger than three times the
standard deviation of fluorescence changes during apparent resting calcium
levels. Local calcium transients were also detected automatically as fluores-
cence increases over two frames (three times larger than the standard
deviation during resting conditions), in this case within single ROIs covering
dendritic stretches of 7–10 mm centered around the insertion site of a filopo-
dium, and if no global calcium transient occurred during that frame or one
frame before.
For analysis of filopodial growth, from time-lapse stacks, five consecutive
images were averaged to improve the signal to noise ratio. Changes of filopo-
dial length were visualized by generating pseudo line scans along single filopo-
dia and their insertion site across the dendritic shaft (Figures 1C and 1D; Lang
et al., 2006). The red channel of these images was binarized, and pixel counts
for each time point were used to plot filopodial length changes over time
(Figure 1E). This analysis also allowed determining time points of contact
establishment with an error of less than 10 s. The subsequent high-resolution
image stacks were used to verify the presence of contacts within the limits of
confocal microscopy resolution. In those cases where contacts were broken
up before recording the following z series, additional criteria for contacts
were as follows: simultaneous structural changes of the axon (e.g., Figure 2B),
sliding of the tip of a filopodium along the axon (Figure 2D), stop of growth upon
contact formation, and location of both filopodium and axon in the same z layer
as determined in the z stacks. For statistical analysis, Wilcoxon’s matched-
pairs (Wilcoxon) or Mann-Whitney U (MWU) tests were used as specified.SUPPLEMENTAL DATA
The Supplemental Data include a supplemental figure and can be found
with this article online at http://www.neuron.org/cgi/content/full/59/2/253/
DC1/.
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